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Kallikreins belong to a family of serine proteases that are widespread throughout living organisms, expressed in diverse tissue-specific patterns,
and known to have highly diverse physiological functions. The 15 human and 24 mouse kallikreins have been implicated in pathophysiology of
brain, kidney, and respiratory and reproductive systems and often are used as cancer biomarkers. To better elucidate the structure and evolutionary
origin of this important gene family in the pig, we have constructed a contiguous BAC clone-derived physical map of the porcine kallikrein gene
region and have fully sequenced a BAC clone containing 13 kallikrein genes, 11 of which are novel. Radiation hybrid mapping assigns this
kallikrein-gene-rich region to porcine chromosome 6. Phylogenetic and percent identity plot-based analyses revealed strong structure and order
conservation of kallikreins among four mammalian species. Reverse transcriptase-polymerase chain reaction-based expression analysis of porcine
kallikreins showed a complex expression pattern across different tissues with the thymus being the only tissue expressing all 13 kallikrein genes.
[The sequence data described in this paper has been submitted to GenBank under Accession No. AC149292].
© 2006 Elsevier Inc. All rights reserved.Keywords: Kallikrein; Porcine; Pig; Serine proteases; Radiation hybrid mapping; RH mapping; Comparative genomics; Physical mappingKallikreins are members of a multigene family of serine
proteases that are widespread throughout living organisms [1].
They have a high degree of substrate specificity and demonstrate
highly diverse physiological functions [2]. Kallikrein gene ex-
pression occurs in various tissues and biological fluids,
suggesting that they may play roles in fertilization, digestion,
regulation of blood flow, blood coagulation, inflammatory
responses, endothelial cell migration, leukocyte aggregation,
tissue remodeling, tumor-cell invasion and apoptosis, and
disease-related specialized enzymatic activities [3–6].
Tissue kallikreins are broadly divided into two groups.
Kallikreins with kininogenase activity that can release bioactive
peptides from precursor molecules are described as classical
kallikreins and those that reside in the same chromosomal region
with highly conserved gene and protein structure to the classical⁎ Corresponding author. Fax: +1 253 669 5866.
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doi:10.1016/j.ygeno.2006.11.010kallikreins are described as nonclassical kallikreins [6]. All
known classical and nonclassical kallikreins within a species
show a high degree of conservation at both gene and protein
levels and they colocalize to the same chromosomal locus [2,4,6].
Based on the conservation of protein structure and the
enzymatic activities among serine proteases, it is hypothesized
that all known serine proteases arose from a common ancestor
through gene and/or chromosomal duplication during the course
of evolution, resulting in their members being clustered within
the genome [1,4]. The relatively similar sizes of the two rodent
kallikrein gene families suggest that they may have been
amplified in the rodent lineage before the divergence of rat and
mouse. However, the differing number of gene family members
among rodents may be due to close linkage of the family that
results in gene family expansion and contraction by unequal
crossing-over [7].
Comparisons of the kallikrein family members among
species reveal that there is a greater level of conservation
within species than among orthologous genes across species,
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leading to concerted evolution [7].
Fifteen kallikrein genes have been identified from diverse
tissues in humans. They reside on the same locus on
chromosome 19q13.3–q13.4 [4,8] and several are implicated
in breast, ovarian, and other human cancers [9]. Kallikrein 2
(KLK2) and KLK3 have been identified as candidate bio-
markers for tumors and other prostatic diseases [10].
The mouse kallikrein gene family, located on a ∼310-kb
region of chromosome 7 and the largest family of kallikreins
known to date, consists of 24–37 members. Among those,
14–26 may encode active proteins while the remaining are
pseudogenes [11–13].
The functional diversity among kallikreins is emphasized
by their diverse, tissue-specific expression patterns. Tissue
kallikreins through their multifunctional roles are involved in
(patho-)physiology of brain, kidney, respiratory, gastrointesti-
nal, and reproductive system [14]. The diverse expression
pattern of human kallikreins has led to the suggestion that the
functional role of this enzyme family is dependent upon cell
type, indicating that, apart from the kininogenase activity found
in human KLK1, kallikreins may have the ability to process and
activate growth factors and peptide hormones [4].
Kallikreins activate a wide range of substrates and growth
factors [15], suggesting that they are involved in many integral
processes of early embryonic development such as regulation of
local blood flow, angiogenesis, tissue invasion, and mitogenesis
[14]. In the rat, the kallikrein–kininogen–kinin system is
activated in the ovary during ovulation [16]. In the mouse five
kallikrein genes are implicated in playing a major role in uterine
physiological functions and during embryo implantation
[15,17,18]. These findings in rodents, together with the roles
of kallikreins in embryo attachment, implantation, and placen-
tation in humans [19], support the notion that the kallikrein–
kininogen–kinin system also plays an important role during
pregnancy in the pig.
Unfortunately, little is known about the structural organiza-
tion and expression of the porcine kallikrein gene family. Except
for KLK4 (Accession No. U76256) and KLK1 (Accession No.
NM_001001911), no other porcine tissue kallikreins have been
identified thus far. As a first step toward elucidating the
evolution and regulation of the porcine kallikrein gene family,
we have isolated and characterized its genomic region by
constructing a BAC clone-based physical map of the greater
kallikrein gene region, mapped it to porcine chromosome 6q12-
q21, and sequenced the entire porcine kallikrein gene region
revealing 11 novel porcine tissue kallikrein genes. We also have
profiled the expression of kallikrein genes across a battery of
porcine tissues and conducted in-depth comparative and
phylogenetic analyses.
Results
Physical mapping
As a first step toward isolation and functional analysis of the
kallikrein gene family in the pig, we developed overgo probesfor all known human kallikrein exonic sequences and identified
eight clones that contained putative kallikrein gene fragments
(CH242-003F18, CH242-069G11, CH242-117C13, CH242-
266E15, CH242-329F12, CH242-338F22, CH242-366F08,
and CH242-370C15). Clone CH242-051O23 was selected as a
random negative control. A PCR assay developed using porcine
KLK4 sequence confirmed that seven clones contained KLK4
gene. Insert ends of the selected BAC clones were isolated using
vectorette PCR end rescue approach and sequenced. Sequence
tagged sites (STSs) were developed from clone insert ends and
were used to assemble the BAC clones into a contig.
Hybridization experiments were also carried out on individual
BAC clones using individual overgo probes to identify the
number of kallikrein genes present on each clone. The BAC end-
specific PCR assay and the overgo-based hybridization experi-
ments with probes developed against human kallikrein
sequences resulted in the construction of a BAC clone-based
physical map of the porcine greater kallikrein gene region (Fig.
1). The assembled contig of the porcine kallikrein region
containing eight BAC clones provides ordering information for
12 STSs. Of the 12 STSs, 7 correspond to BAC insert ends, 4 to
new tissue kallikrein genes in the pig, and 1 to the previously
identified porcine KLK4 gene.
To further test the relationship between individual clones in
the contig and to identify a minimal tiling set of clones for
sequencing the greater kallikrein region of the pig, all eight
BAC clones that represent the kallikrein gene region were
subjected to restriction-enzyme-based fingerprint analysis [20].
The resulting data were analyzed by FPC [21], which yielded
one contig along with estimated sizes of individual BACs. The
relative order and orientation of the FPC-generated, fingerprint-
based contig and the PCR/hybridization-based contig were
identical. Based on the length of all nonredundant restriction
fragments the total length of the contig is ∼375 kb.
Identification of novel kallikreins
Based on the physical map constructed and the data generated
through overgo-based hybridization experiments and restriction-
enzyme-based fingerprint analysis, clone CH242-69G11 was
selected to contain all porcine tissue kallikrein genes identified by
us so far. Clone CH242-69G11 was sequenced to completion
(Accession No. AC149292) and was analyzed using GENSCAN
analysis software to predict the coding sequences and peptides
present in the BAC clone. The GENSCAN results suggested that
the BAC clone was sequenced to have 13 kallikrein genes (Fig. 2)
(KLK1, KLK4, KLK5, KLK6, KLK7, KLK8, KLK9, KLK10,
KLK11, KLK12, KLK13, KLK14, and KLK15), among which
11 have not been previously reported. The presence of 13
kallikrein genes in the generated sequence was further confirmed
by analysis with the software package Spidey. All kallikreins were
observed to be transcribed from telomere to centromere direction.
Physical mapping of porcine kallikrein genes
A PCR assay was developed for porcine KLK4 and radiation
hybrid mapping was performed using INRA-Minnesota 7000
Fig. 1. BAC clone based physical map of the porcine kallikrein region. Clones are depicted as horizontal lines. Deduced positions of 12 STSs are listed vertically along
the top. Those depicted in hatched squares are derived from clone insert ends, those in filled squares are derived from novel porcine kallikrein genes. The size of each
BAC clone is given in parentheses next to the clone name. Unfilled squares on clones 003F18 and 338F22 show untested STSs. Clone 069G11 contains all identified
tissue kallikreins genes and was selected for sequence analysis.
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radiation hybrid (RH) panel was scored twice to map the
kallikrein region in the porcine genome. The results revealedFig. 2. Predicted contig sequence in BAC clone 069G11. Initial internal and terminal
the clone represent the distance from the left end of the clone. Exons on the top stran
below the line. Thirteen members of the tissue kallikrein gene family were identifiethat the KLK4 marker was linked to first-generation markers
of Sus-scrofa Chromosome 6 (SSC6) [22] with LOD scores
of greater than 7 by two-point analysis, confirming that theexons are depicted (please refer to the key below the illustration) numbers along
d are depicted above the horizontal line, those on the bottom strand are depicted
d on this clone.
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q21 in agreement with the established human–pig compara-
tive map [23].Phylogenetic and comparative analyses
Functional human, rat, mouse, and pig kallikreins were
subjected to a phylogenetic analysis. A phylogenetic tree was
constructed using the Mega 3.1 software package. A represen-
tative tree constructed using the distance matrix method is
shown (Fig. 3). Majority of the mouse and the rat grandular
kallikrein genes segregate as a group within the species, while
most human and porcine kallikreins segregated together. Most
interestingly, the classical kallikreins present in all species
segregate together while the orthologs of the human kalli-
kreins found in rodents segregate with the human and porcine
kallikreins.
A Percent Identity Plot (PIP)-based sequence alignment
revealed strong conservation of order and structure of the
kallikrein genes among species. A ∼37-kb insertion between
KLK4 and KLK5 was detected and it contained a few conserved
exons with little similarity to any known transcribed sequences.
These comparative sequence analyses together with cDNA/EST
comparisons predict an additional gene in the porcine kallikrein
region that has high similarity to predicted, Canis familaris
KLK14 like preprotein. Finally, as shown in Fig. 4, the percent
identity plot analysis identified additional conserved regions in
the coding and noncoding regions that may be candidate
regulatory elements associated with kallikrein gene expression.
Tissue expression
Expression patterns of several human kallikrein genes have
been studied extensively using Northern blotting and RT-PCR
techniques [1]. Prior to this present study, only porcine KLK1
and 4 were known and no information on tissue expression
patterns of porcine kallikreins was available. The results of our
RT-PCR-based expression analysis of all 13 kallikrein genes
across a battery of porcine tissues is shown in Fig. 5. These
results indicate that all 13 kallikrein genes were expressed in the
thymus while no kallikreins were expressed in the large
intestine. KLK1, KLK4, KLK6, KLK7, KLK11, KLK14, and
KLK15 also were expressed in a wide array of other tissues
while the expression of KLK5, KLK8, KLK9, KLK10, KLK12,
and KLK13 was observed in only a limited number of tissues.
Discussion
Since kallikrein gene expression has been implicated in
modulating early embryonic development in mammals, it was
important to determine organization, the number and structure
of kallikrein genes, and their expression profiles in the domestic
pig, Sus scrofa.Fig. 3. Consensus phylogenetic tree constructed using the Distance matrix
method and the functional KLK genes in human, pig, rat, and mouse.
Pseudogenes were not included in the phylogenetic analysis. Human, pig, rat,
and mouse plasma kallikreins were used as the out-group. The scale bars
indicate the length of 10 substitutions per 100 residues. Bootstrap values for the
branches were generated using p-distance. (hKLK, human kallikreins; pKLK,
pig kallikreins; mKLK, mouse kallikreins; rKLK, rat kallikreins; PLKLK,
plasma kallikreins).
Fig. 4. Percent identity plot (PIP) of the Kallikrein gene region in pig, human, rat, and mouse. Pig was used as the scaffold. Black vertical bands represent areas of high
conservation. Detailed percent identity plots of the kallikrein region in the pig, human, rat, and mouse genomes are shown in Appendix 1.
433S.C. Fernando et al. / Genomics 89 (2007) 429–438We now have deduced the physical map of the estimated
∼300-kbp porcine kallikrein genomic region contained
within two BAC clones, 003F18 and 338F22, and have
compared it to the similarly sized kallikrein gene region in
humans [4]. Based on the physical map, repeated hybridiza-
tion studies, and sequence data we have identified 13 porcine
kallikrein genes of which 11 were not previously known. The
genomic organization of the porcine kallikrein gene region is
highly similar to that of the orthologous human and mouseFig. 5. Tissue expression of porcine tissue kallikreins. RT-PCR-based expression
pattern of porcine tissue kallikreins across 22 different tissues. All kallikreins
showed expression in the thymus. Expression pattern across other tissues varied.kallikrein gene regions, where all the genes are transcribed
from telomere to centromere direction. But, as observed in
rodents [6], there do not seem to be any porcine orthologs for
human kallikreins 2 and 3. This suggests that these two
human kallikrein genes may have been introduced into the
human genome as a result of a gene duplication and exon
shuffling after the radiation of artiodactyls between 40 and 55
million years ago. Although the absence of human KLK2 and
KLK3 orthologs in the pigs and rodents also may have
resulted from gene deletion or are due to greatly distorted
pseudogenes after duplication, the presence of a functional
KLK2 gene in the dog [13] suggests that silencing of KLK2 in
artiodactyls or the duplication of classical kallikreins in canines
must have occurred independently. However, the presence of
KLK2 in the dog is most likely due to a duplication event as
only two kallikrein genes have been identified in the dog thus
far [6].
Consistent with the comparative mapping results obtained by
bidirectional chromosome painting [24], the kallikrein gene
region shows conserved synteny with human chromosome 19
(HSA19) and porcine chromosome 6 (SSC 6).
The tissue kallikrein containing genomic regions have been
extensively investigated in human, rat, and mouse, resulting in
surprising differences in the number of classical glandular
kallikrein genes. Humans have 3 and the mouse has 25 with
only 14 being functional [11]. There are 12 glandular kallikreins
in the rat [3,13], in the pig only 1 classical kallikrein gene, KLK
1, has been recorded [13]. Our phylogenetic analysis further
confirms the presence of a single classical kallikrein in the pig,
which segregated together with the human classical kallikreins.
The evolutionary conservation of the nonclassical kallikrein
genes (KLK4–KLK15) in the human, rat, mouse, and pig
suggests that these genes may encode for products that are
essential for mammalian development and function [13].
Therefore, the pig may be a potential model to elucidate the
physiological roles of the nonclassical kallikrein gene family
members. The region between KLK1 and KLK15 is only 1.5 kb
in humans and ∼1 kb in the pig but seems highly duplicated in
rodents as it spans 290 kb in the mouse and contains 23 classical
glandular kallikrein genes, suggesting that the rodent kallikreins
may have evolved after the human rodent divergence.
Phylogenetic analysis of human, mouse, pig, and rat classical
kallikreins revealed that KLK1 segregated according to species,
Table 1
Overgo probes used to screen the high-density porcine BAC library
Probe Genbank
Accession No.
Sequence 5′-3′
KLK1-Ova M25629 CGCCACAACTTGTTTGACGACGAA
KLK1-Ovb CAAACTGGGCTGTGTTTTCGTCGT
KLK2-Ova M18157 TGTACACCAAGGTGGTGCATTACC
KLK2-Ovb TCCTTGATCCACTTCCGGTAATGC
KLK3-Ova M27274 TGGTGTGCTTCAAGGTATCACGTC
KLK3-Ovb TGGTTCACTGCCCCATGACGTGAT
KLK4-Ova AF113141 ACGGATTCGTCCAACTTGATGAGC
KLK4-Ovb TCGCTAACGACCTCATGCTCATCA
KLK5-Ova AF135028 CAACATCTCTGGGAAGGAATGAGG
KLK5-Ovb GACACTCCTTTCAGACCCTCATTC
KLK6-Ova AF013988 TGGATCCAGTTCGTGTATCTGCAG
KLK6-Ovb GAGTCTACACCAACGTCTGCAGAT
KLK7-Ova AF166330 CCACTTGGTGAACTTGCACACTTG
KLK7-Ovb CCCAGGAGTCTACACTCAAGTGTG
KLK8-Ova AF095743 GTCACGCAGTTGAAGAAGCATCAG
KLK8-Ovb GGACCACAACCATGATCTGATGCT
KLK9-Ova AF135026 TTGGATCCAGTCAAGGTAGTGGCA
KLK9-Ovb AGTCTACACCAGCGTATGCCACTA
KLK10-Ova NM_002776 CCACTTCCTGCATTTCAGCTTCAG
KLK10-Ovb CCATTCTCTGCCTGTACTGAAGCT
KLK12-Ova AF135025 CTGAGACGTGGCACTCGGTGCCAG
KLK12-Ovb AATGACTGTGCAACCGCTGGCACC
KLK13-Ova AF135024 ACTGGGAATAAGGAGCAGAGAAGG
KLK13-Ovb ACATGGTCTGCTTAGCCCTTCTCT
KLK14-Ova AF161221 CACTGGGTTGAAGTCTGCTCATAG
KLK14-Ovb CTAGTCTATAGCTCCGCTATGAGC
KLK15-Ova AF242195 TGCTGATGTTGGCACAATGCAACG
KLK15-Ovb GTGAGTCTCCCAGATACGTTGCAT
Sus-Ova U76256 ACACCAACCTCTGCAAATTCACGG
Sus-Ovb GTCGTCTGTATCCAGTCCGTGAAT
Individual kallikreine genes are labeled as KLK1–KLK15. Two complementary
24-bp-long overgo probes are labeled Ova and Ovb. Overgo probes for porcine
KLK4 are labeled Sus-Ova and Sus-Ovb.
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other species occurred after the separation of species [13].
The comparative analysis of genomic sequences is a
powerful method of elucidating the characteristic evolution
and regulation of complex gene families. Comparative genome
analysis also would provide the opportunity to identify
conserved coding and noncoding regions and regulatory
elements among species. Therefore, we conducted a MultiPip-
based sequence alignment of the human, rat, and mouse using
the pig as the base sequence, revealing that the order and
structure of these genes are well conserved, with a ∼37-kb
insertion between KLK4 and KLK5 and several conserved
exons with little or no similarity to known gene sequences,
suggesting that these conserved exons may be the remnants of
pseudo kallikrein genes in the pig. Comparative sequence
analysis together with cDNA/EST comparisons predicted an
additional gene that was not predicted by GENSCAN that may
represent the first observation of the duplication of a
nonclassical kallikrein gene of unknown function. Further
investigation of this duplicated nonclassical kallikrein gene may
provide valuable information toward elucidating the evolution
of this unique kallikrein family.
The MultiPip-based analyses identified several conserved
coding and noncoding regions that may be candidate regulatory
elements associated with kallikrein gene expression (data not
shown). Expression profiles generated for the porcine kallikrein
genes suggest that all kallikrein genes in the pig are transcribed
except for the KLK14-like gene found distal to KLK14. We
could not detect a transcript for that gene in tissues that we
analyzed. The overall expression profiles generated using
porcine tissues are similar to the expression patterns found in
humans. All kallikreins examined were expressed in the
thymus, suggesting that the thymus would be an ideal organ
for studying the functional roles of kallikreins. The expression
of kallikreins in an array of other tissues suggests the diverse
physiological roles of tissue kallikreins. Since the involvement
of kallikrein genes in reproductive events in humans and
rodents have been well documented [15–18,25], this present
study provides valuable information that will be useful in elu-
cidating and identifying important kallikrein-related physiolog-
ical events that occur during early reproductive events. Indeed,
the pig uterine endometrium differentially expresses a number
of tissue kallikreins during the estrous cycle and early
pregnancy [26]. Furthermore, there is a pregnancy-specific
expression of endometrial KLK9 after day 12 of gestation (S.C.
Fernando, R.D. Geisert, and U. DeSilva, unpublished data).
Expansion of gene families is a fundamental process in the
evolution of species. This study also provides insight into the
evolution of the kallikrein gene family since our comparative
mapping and sequence data suggest that this gene family has
undergone extensive changes over the course of evolution. For
example, in the pig only one classical kallikrein is found, while
in the mouse, KLK1 has duplicated several times to give rise to
multiple functional kallikreins, whereas in the rat a repeated
duplication of a three-gene unit has been detected [13]. This
suggests a complex but somewhat conserved evolutionary
pattern for mammalian kallikreins. This study of the porcinekallikrein gene family will be a valuable resource in the study of
the structural, functional, and evolutionary roles of kallikreins.
Materials and methods
Isolation of porcine BAC clones
Overgo probes were designed against human kallikrein exonic sequences
using publicly available sequence information and the software package Overgo
Maker (http://www.genome.wustl.edu/tools/?overgo=1). Care was taken to
avoid interspersed repeats and low-complexity DNA sequences. Each 40-bp
overgo probe contained two 24-mer oligonucleotides with an 8-bp overlap at
their 3′ ends [27]. Probes were designed to contain ∼50% GC content and were
unique to each targeted kallikrein gene sequence. Synthesized probes (Integrated
DNA Technologies, Coralville, IA, USA) were annealed by mixing the two
complementary 24-mer oligonucleotides (10 pmol/μl of each) and incubating
the mixed oligonucleotides at 80 °C for 5 min, followed by 37 °C for 10 min and
placing on ice. Annealed oligonucleotides then were subjected to radiolabeling
by primer extension to produce a 40-bp, dual-labeled probe [28]. The overgo
labeling reaction for radioactive primer extension contained 1 pmol/μl annealed
oligonucleotides, 100 μg/ml bovine serum albumin (BSA), 2 μl OLB [prepared
by mixing solutions A, B, and C in 1:2.5:1.5 ratio (solution A: 1 ml of solution
O, 18 μl of β-mercaptoethanol, 5 μl of 100 mM dTTP, and 5 μl of 100 mM
dGTP; solution B: 2 M Hepes, pH 6.6; solution C: 3 mM Tris–Cl, 0.2 mM
EDTA; solution O: 1.25 mM Tris–Cl, 125 mM MgCl2)], 0.5 μl of 10 mCi/ml
[α-32P]dATP, 0.5 μl of 10 mCi/ml [α-32P]dCTP, and 2 U klenow fragment
(Promega, Madison, WI, USA) [27]. The reaction mix was incubated at room
Table 2
Primer sequences used in vectorette PCR
Primer Sequence 5′-3′
BPH I CAAGAAGAGGACGCTGTCTGTCGAAGGTAAGGAACGGACGAGAGAAGGGAGAG
BPH II CTCTCCCTTCTCGAATCGTAACCGTTCGTACGAGAATCGCTGTCCTCTCCTTG
224 CGAATCGTAACCGTTCGTACGAGAATCGCT
T7BACF CCGCTAATACGACTCACTATAGGG
SP6BACR GTCGACATTTAGGTGACACTATAG
Table 3
Primer sequences used for BAC end-specific PCR assay
Primer Sequence 5′-3′ Length
(bp)
PCR product
size (bp)
Tm
used
329R-F TTTCATTGCTTTTGCCTCCT 20 213 62 °C
329R-R GAACCCAAGGCTGGTGACT 19 62 °C
069F-F CCCAAGGTCATGGTCTGATT 20 103 62 °C
069F-R GGAACGTGACATTGCAGGTA 20 62 °C
117F-F CCTCCTTCTTAGCTGGGTTG 20 79 62 °C
117F-R GAAACTTGCTCGAGCCTCAT 20 62 °C
117R-F ACGTGCGGTCCTAAAAAGAC 20 85 60 °C
117R-R CCCCCAATAAACAAAAGTCA 20 60 °C
370F-F TTACTGCTGAGCCACACTGG 20 93 62 °C
370F-R CATGAAGCCATCACCACAAT 20 62 °C
329F-F GAACGTACGCCAGGCACT 18 109 62 °C
329F-R CCGTACTGGAGAAGCCAGAC 20 62 °C
370R-R CCTGGGGCTCTATCCTCTCT 20 150 62 °C
370R-F GGCCTTTCCTGTCATCCAG 18 62 °C
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through Sephadex-G50 columns (Amersham, Piscataway, NJ, USA) using the
manufacture's protocol.
These probes were used to screen a high-density porcine BAC library
consisting of 6.3× coverage of porcine genome (CHORI-242; http://www.chori.
org/bacpac/). BAC filters were prehybridized with 50 ml of hybridization
solution (1% BSA, 1 mM EDTA, 7% SDS, 0.5 M NaPO4) for 4 h. Pooled probes
were denatured, added to the hybridization solution, and incubated overnight at
60 °C. Filters were washed in 1.5× standard saline citrate (SSC)/0.1% SDS at
58 °C for 30 min followed by 1.0× SSC/0.1% SDS at 58 °C for 30 min and then
exposed to Bio-Max max efficiency X-ray film for 10–12 h at −80 °C. Positive
clones isolated by this screen were further evaluated by hybridization
experiments using individual probes. Overgo probes used for BAC library
screening are listed in Table 1.
Kallikrein 4 PCR assay
Porcine KLK4 forward (5′ CTGGGTCTGCACAATCTTGA 3′) and reverse
(5′ AGACAGCGACACCGATTCTT 3′) primers were developed (within an
exon) for PCR amplification of a 147-bp region of porcine KLK4 (GenBank
Accession No. U76256) using Primer3 software [29]. The PCRs were
performed in a MJ Dyad thermal cycler (MJ Research Inc., Waltham, MA,
USA). The 20-μl reaction mix contained 1 μl DNA, 1X PCR buffer (Applied
Biosystems, Foster City, CA, USA), 1.5 mM MgCl2, 400 nM each primer,
200 μM dNTPs, and 3 U Taq DNA Polymerase (Promega). Cycling conditions
were 1 cycle of 1 min at 95 °C, 30 s at 60 °C, 15 s at 72 °C followed by 34
additional cycles of 30 s at 94 °C, 30 s at 62 °C, 15 s at 72 °C, and a final
extension of 3 min at 72 °C.
Vectorette PCR for BAC end isolation
The insert ends of BAC clones were isolated by the vectorette PCR
approach. Briefly, 5 μg of BAC DNAwas digested with 4 U of either HaeIII or
PvuII (Promega) by incubating in 1× buffer at 37 °C for 2 h followed by heating
to 65 °C for 30 min to denature the restriction enzymes. A vectorette duplex
linker (2 μM BPB I and BPH II oligos heated to 68 °C for 15 min and slowly
cooled to room temperature over 30 min to form the duplex linker) was ligated to
the digested DNA by incubating at 37 °C for 2 h. The ligation reaction contained
10 μl of restriction digest, 1× ligase buffer, 2 U T4 ligase (Invitrogen, Carlsbad,
CA, USA), and 7 nM/μl vectorette duplex linker.
The ligated product was PCR amplified using T7 BACF/SP6 BACR
primers and 224 universal primer. PCRs were performed in a MJ Dyad thermal
cycler. The 20-μl reaction mix contained 1 μl DNA, 1X PCR buffer (Applied
Biosystems), 1.5 mM MgCl2, 400 nM each primer, 200 μM dNTPs, and 3 U
Taq DNA Polymerase (Promega). Amplification conditions were 1 cycle of
1 min at 95 °C, 30 s at 55 °C, 1 min at 72 °C, followed by 34 additional cycles
of 30 s at 94 °C, 30 s at 55 °C, 1 min at 72 °C and a final extension of 3 min at
72 °C. Single-copy BAC ends obtained were cloned and sequenced. The primer
and vectorette oligonucleotide linker sequences are shown in Table 2.
BAC end sequencing
The PCR products generated through vectorette PCR were treated with
shrimp alkaline phosphatase (1 U μl−1) and Exonuclease III (10 U μl−1) at a
volume equaling 5% of the PCR product and incubated at 37 °C for 30 min
followed by 80 °C for 10 min. Sequencing reactions were performed in a 10-μlreaction volume containing 2 μl PCR product, 1 mM sequencing primer, 2 μl of
BigDye dye terminator mix (Applied Biosystems), and 1 μl buffer (400 mM
Tris, pH 9, 10 mMMgCl2). Amplification conditions were 1 cycle of 95 °C for
30 s, 5 s at 50 °C, 4 min at 60 °C followed by 54 additional cycles of 10 s at
96 °C, 5 s at 50 °C, and 4 min at 60 °C. Sequencing reactions were cleaned
using DTR Gel Filtration columns (Edge Biosystems, Gaithersburg, MD,
USA) and analyzed on an ABI 3700 DNA analyzer (Applied Biosystems).
BAC insert end-specific PCR assay
Sequences derived from BAC insert ends were analyzed for mammalian
repetitive sequences using RepeatMasker web server (http://www.repeatmasker.
org/cgi-bin/WEBRepeatMasker), and PCR primers were designed from
nonrepetitive sequences using Primer 3 [29]. Primers developed are listed in
Table 3.
The PCRs were performed in a MJ Dyad thermal cycler (MJ Research Inc.).
The 20-μl reaction mix contained 1 μl DNA, 1X PCR buffer (Applied
Biosystems), 1.5 mM MgCl2, 25 pmol of each primer, 200 μM dNTPs, and 3 U
Taq DNA Polymerase (Promega). Amplification conditions were 1 cycle of
1 min at 95 °C, 30 s at 60 °C, 15 s at 72 °C followed by 34 additional cycles of
30 s at 94 °C, 30 s at 62 °C, 15 s at 72 °C, and a final extension of 3 min at 72 °C.
BAC fingerprinting analysis
The positive BAC clones isolated through BAC library screening were
subjected to restriction-enzyme-digest-based fingerprinting analysis as previ-
ously described [20]. This enabled the determination of the precise length of
each BAC clone.
DNA sequencing of CH242-69G11
Detailed procedures for cloned large-insert genomic DNA isolation, random
shot-gun cloning, fluorescent-based DNA sequencing, and subsequent analysis
were as described previously [30–32]. Briefly, clone CH242-069G11 BAC
DNA was isolated free from host genomic DNA via a cleared lysate–acetate
Table 4
Primer sequences used for tissue expression analysis
Primer Sequence 5′-3′ Length (bp) PCR product size (bp) Tm used
KLK1-F GGACTACAGCCACGACCTCATGCTGC 26 297 62.0 °C
KLK1-R CACCCATACAGGTGTCCTTGCCACCT 26
KLK4-F GTGGCTTCTGAGGAGGTCTG 20 245 63.7 °C
KLK4-R GCCTGGATGGTCGTCTGTAT 20
KLK5-F TCCGTCTTGGCCACTATTCC 20 446 64.0 °C
KLK5-R AGAGTCTCCCCAGGACACGA 20
KLK6-F ATGGTAGCGCTGGTTCTGGT 20 391 60.0 °C
KLK6-R GTTGGCCGAGCAGTCTCTTT 20
KLK7-F CACTGTGGAGGTGTGCTGGT 20 371 61.5 °C
KLK7-R TTGCAGTCCTGGGAGGAGAT 20
KLK8-F TGCTATTGGAAGCCTCAGCA 20 276 60.0 °C
KLK8-R AGCAGGGGTGTGGGATGGAC 20
KLK9-F GGCTGGGCTCTTCTACCTCA 20 297 60.0 °C
KLK9-R CAGGTCTGGCTGAGGTTGAGGG 22
KLK10-F CTTCAATGGCCTCTCGTTCC 20 301 60.0 °C
KLK10-R ACAGTGGTAGGGCAGGCGTA 20
KLK11-F TGTCGGGGGAGAGACTAGGA 20 371 62.5 °C
KLK11-R CGGCAGTGACACACTGTGAA 20
KLK12-F AGCCTTGAAGAGCCATGACC 20 393 64.0 °C
KLK12-R TAGACTCCTGGGATGCCATCTTG 23
KLK13-F CTGAACCACGACCACGACAT 20 354 60.0 °C
KLK13-R GTCTCCCCAGGAGATGATGC 20
KLK14-F ATGTTCCTCCTGCTGACAGCACTTCA 26 321 60.0 °C
KLK14-R GTGGGTCCGGGAGTTGTACT 20
KLK15-F ACTGCAGCTCACTGCCAAAC 20 484 63.0 °C
KLK15-R TGGTGGTATCACAGGGGACA 20
436 S.C. Fernando et al. / Genomics 89 (2007) 429–438precipitation-based protocol [32]. Subsequently, 50-μg portions of purified BAC
DNA were randomly sheared and made blunt-ended [27,31,32]. After kinase
treatment and gel purification, fragments in the 1- to 3-kb range were ligated into
SmaI-cut, bacterial-alkaline-phosphatase-treated pUC18 (Pharmacia), and
Escherichia coli, strain XL1BlueMRF' (Stratagene), was transformed by
electroporation. A random library of approximately 1200 colonies was picked
from each transformation and grown in Terrific Broth medium [27]
supplemented with 100 μg of ampicillin for 14 h at 37 °C with shaking at
250 rpm, and the sequencing templates were isolated by a cleared lysate-based
protocol [31,32].
Sequencing reactions were performed as previously described [30] using
Thermus aquaticus (Taq) DNA polymerase and either the Amersham ET
fluorescent-labeled terminator or the Perkin–Elmer Cetus fluorescent-labeled
Big Dye Taq terminator sequencing kits at a 1:16 dilution. The reactions were
incubated for 60 cycles in a Perkin–Elmer Cetus DNAThermocycler 9600 and,
after removal of unincorporated dye terminators by ethanol precipitation
followed by a 70% ethanol wash, the fluorescent-labeled nested fragment sets
were resolved by electrophoresis on an ABI 3700 Capillary DNA Sequencer.
After base calling with Phred [33], the analyzed data were transferred to a Sun
Workstation Cluster and assembled using Phrap [34] Overlapping sequences
(contigs) were analyzed using Consed [35]. Gap closure and proofreading were
performed using either custom primer walking or PCR amplification of the
region corresponding to the gap in the sequence followed by subcloning into
pUC18 and cycle sequencing with the universal pUC primers via Taq terminator
chemistry. In some instances, additional synthetic custom primers were
synthesize and used when necessary to obtain at least threefold coverage for
each base.
In silico gene prediction
The sequence information generated for clone CH242-69G11 was analyzed
using GENSCAN gene prediction software (http://genes.mit.edu/GENSCAN.
html) to predict coding sequences and peptides present in the BAC clone. Each
identified open reading frame was compared to the GenBank nonredundant
database using blastn. The sequence was further analyzed using the publiclyavailable software package Spidey (http://www.ncbi.nlm.nih.gov/IEB/Re-
search/Ostell/Spidey/).
Radiation hybrid mapping
Radiation hybrid mapping was performed using INRA-Minnesota 7000 rads
radiation hybrid panel (IMpRH), which consisted of 118 hamster–porcine hybrid
cell lines [22,36]. Kallikrein 4 primers (PKLK-4 F: 5′ CTGGGTCTGCA-
CAATCTTGA 3′ and PKLK-4 R: 5′AGACAGCGACACCGATTCTT 3′) were
used to screen the porcine RH panel. PCR amplifications were performed using
parameters recommended by INRA (http://www.toulouse.inra.fr/lgc/lgc.htm).
Data analysis was performed using software available at IMpRH database (http://
imprh.toulouse.inra.fr) [37] for chromosome assignment.
Phylogenetic and comparative analyses
Kallikrein protein sequences of human, rat, and mouse were retrieved from
GenBank after identification using known protein sequences and blastp. The
compiled protein sequences were aligned against the porcine kallikrein
sequences using the ClustalW program. The alignment generated was used
for phylogenetic and molecular evolutionary analyses using MEGA3 (http://
www.megasoftware.net/) [38] and PHYLIP 3.63 (http://evolution.genetics.
washington.edu/phylip.html) [39]. Phylogenetic trees were constructed using
both the distance matrix method and the parsimony method. The kallikrein
region in the pig was also compared with the kallikrein regions of human, rat,
and mouse. The sequences generated for human, rat, and mouse were subjected
to repeat masking and were aligned relative to the pig sequence using the
Multipip analysis software (http://pipmaker.bx.psu.edu/pipmaker/) [40,41].
Expression analyses
Porcine tissue samples were collected from ovary, heart, prostate, kidney,
salivary glands, central nervous system, liver, lung, skin, pancreas, stomach,
large intestine, small intestine, lymph node, brain, spleen, trachea, uterus, testes,
437S.C. Fernando et al. / Genomics 89 (2007) 429–438and thymus. Total RNA was extracted using TRIzol (Invitrogen) following the
manufacturer's protocols.
PCR primers were developed based on the open reading frames identified
for the kallikrein genes. Primer sequences used for RT-PCR are depicted in
Table 4. Each primer set developed was optimized and used to evaluate gene
expression across the total collection of tissues. Advantage-GC cDNA PCR
amplification kit (BD Biosciences, Palo Alto, CA, USA) was used to amplify
KLK1, 4, 5, 11, 14, and 15. A 25-μl reaction mix contained 1 μl cDNA, 1X GC
cDNA PCR buffer, 1 M GC melt (BD Biosciences), 400 nM each primer,
200 μM dNTPs, and 1X Advantage-GC cDNA Pol. mix. Cycling conditions
were 1 cycle of 1 min at 95 °C, 30 s at 60–63.7 °C (varied according to the
gene amplified, see Table 4), 30 s at 68 °C followed by 34 additional cycles of
30 s at 94 °C, 30 s at 60–63.7 °C, 30 s at 68 °C and a final extension of 3 min
at 68 °C.
Kallikreins 7 and 13 were amplified using a 20-μl reaction containing 1 μl
DNA, 1X PCR buffer (Applied Biosystems), 1.5 mM MgCl2, 400 nM each
primer, 200 μM dNTPs, and 3 U Taq DNA Polymerase (Promega). Cycling
conditions were 1 cycle of 1 min at 95 °C, 30 s at 60–61.5 °C (depending on
the primer set, Table 4), 30 s at 72 °C, followed by 34 additional cycles of
30 s at 94 °C, 30 s at 60–61.5 °C, 30 s at 72 °C and a final extension of 3 min
at 72 °C.
Kallikreins 6, 8, 9, 10, and 12 were amplified using HotStar HiFidelity
DNA Polymerase (Qiagen, Valencia, CA, USA) according to manufacture's
protocols. Cycling conditions were 1 cycle of 1 min at 95 °C, 30 s at 60–64 °C
(depending on the primer set), 1 min at 72 °C followed by 34 additional cycles
of 30 s at 94 °C, 30 s at 60–64 °C, 1 min at 72 °C, and a final extension of
3 min at 72 °C.
The resulting PCR products were electrophoresed in 1.5% agarose gels and
stained with 5 μl of ethidium bromide (10 mg/ml). The PCR products were
excised from the gel using a sterile razor blade, and the DNAwas extracted using
the Qiagen gel extraction kit (Qiagen) according to manufacturer's protocols and
sequenced to confirm identity.
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